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Exosomes and proteasomes are macromolecular complexes that posttranscriptionally 
regulate gene expression by degrading mRNAs and proteins, respectively. Although the 
two complexes act on different substrates and are composed of different subunits, they 
share a similar barrel-like architecture that appears to have evolved to restrict substrate 
access and prevent indiscriminate degradation.The balance between the rate of synthesis and degrada-
tion of any macromolecule governs its relative cellular 
abundance and the time span of its activity. The half-life 
of such macromolecules can range from hours, in the 
case of gene products with housekeeping functions, to 
minutes for cell-cycle regulators, transcription factors, 
growth factors, or circadian regulators, which need to 
be active only transiently. A short half-life is also charac-
teristic of either chemically or conformationally aberrant 
species: whereas damaged DNA is repaired, damaged 
RNAs and proteins are swiftly removed. Increasing the 
destruction rate is perhaps the fastest means of mod-
ulating the cellular levels of proteins and RNAs and is 
generally achieved by increasing their accessibility or 
susceptibility to degradative enzymes.
Access to proteases—the enzymes that hydrolyze and 
degrade polypeptide chains—is restricted as they are 
compartmentalized in organelles (lysosomes) and in mac-
romolecular complexes (proteasomes) (Baumeister et al., 
1998). Subcellular compartmentalization also occurs in 
the case of RNA degradation. Cytoplasmic foci enriched 
in enzymes that degrade RNAs in the 5′ to 3′ direction (P 
bodies or GW182 bodies) have been discovered recently, 
half a century after the discovery of lysosomes. In addi-
tion, RNases that degrade oligoribonucleotides in the 3′ 
to 5′ direction assemble into macromolecular complexes 
(exosomes). The field of RNA decay is relatively young—
the exosome was discovered as an RNase in 1997 by 
Mitchell et al., two years after the first crystal structure of 
a proteasome was determined by Lowe et al.—yet simi-
larities to protein decay have become apparent. Since 
the concept of the exosome as a proteasome equivalent 
for RNA degradation was first envisioned (van Hoof and 
Parker, 1999), structural studies have shown that the 
two complexes share architectural similarities. Here, we 
highlight these similarities between the exosome and the 
proteasome that allow them to function as nano-com-
partments for the processive degradation of oligoribonu-
cleotide and polypeptide chains.A Conserved Architecture of Ring-like Structures
Proteasome-like proteins are present in all biological 
kingdoms and in most organisms. In the bacterium 
Escherichia coli, the HslV protease forms two hexam-
eric rings that pack like a “double donut” (Figure 1A). 
A core “double donut” is also characteristic of the 
archaeal 20S proteasome, with 14 proteases (the so-
called β subunits) arranged in two seven-membered 
rings (Lowe et al., 1995). The archaeal 20S proteasome 
has increased structural complexity compared to HslV: 
the rings of β subunits are flanked on either side by 
an additional heptameric ring of α subunits (Figure 1B). 
Both the α and β subunits are structurally homologous 
to the HslV protease, but only the β subunits (blue in 
Figure 1B) have a functional active site and are catalyti-
cally active.
The eukaryotic 20S proteasome has a similar archi-
tecture with four seven-membered rings stacked on 
top of each other but has greater complexity compared 
to the archaeal complex in terms of subunit compo-
sition (Groll et al., 1997). The rings are composed of 
seven different β subunits and seven different α subu-
nits (Figure 1C, in different color shades). This genetic 
divergence is also reflected at the functional level: only 
three of the β subunits display protease activity and 
have different substrate specificities. The four inactive 
β subunits are nevertheless essential and maintain the 
barrel-like architecture of the complex.
Exosomes appear to have evolved from homo-oligo-
meric bacterial proteins in a similar manner to proteas-
omes. In E. coli, the exoribonuclease RNase PH forms 
a hexameric ring of three identical homodimers with 
up-down orientations (Figure 1D). The ring-like struc-
ture is important for activity in the maturation of tRNA 
precursors: a mutant where the trimerization interface 
has been disrupted is not functional (Choi et al., 2004). 
RNase PH-like domains are also present in PNPase, 
an exoribonuclease for unstructured RNA substrates 
that is found in eubacteria and in eukaryotic organelles Cell 125, May 19, 2006 ©2006 Elsevier Inc. 651
Figure 1. Similarities between  
Proteasomes and Exosomes
The organization and structure of the pro-
teasome and exosome from several differ-
ent organisms is depicted here. 
(A) The E. coli HslV structure consists of 
twelve monomers packed into two hexam-
eric rings. 
(B) In the archaeal 20S proteasome struc-
ture, the α subunits (in green) and the β sub-
units (in blue) have the same fold, but only 
the β subunits have catalytic activity. 
(C) In the eukaryotic 20S proteasome 
structure, the seven different α subunits 
are shown in different shades of green, 
and the different β subunits in shades 
of blue. 
(D) The E. coli RNase PH structure is made 
up of six monomers packed into a ring-like 
structure. 
(E) S. antibioticus PNPase is a trimer of a 
single polypeptide containing two RNase 
PH domains (colored green and blue) and 
a S1/KH domain (orange). Only the second 
RNase PH domain (in blue) is active in RNA 
degradation. 
(F) In the archaeal exosome, the RNase PH 
protein Rrp41 (in blue) is active whereas the 
RNase PH protein Rrp42 (in green) is inac-
tive. In orange are the S1/KH proteins, rep-
resenting either Rrp4 or Csl4. 
(G) The putative structure of a eukaryotic exosome core. The core is composed of nine different proteins. This representation lacks the subunits 
Rrp44 and Rrp6 whose locations in the exosome structure are unknown at present. 
(H) Surface representation of the archaeal 20S proteasome halved to show the inner cavities. Red asterisks indicate the approximate positions of 
the active sites that are visible in this view. 
(I) Surface representation of the RNase PH ring of the archaeal exosome, halved to show the internal channel. The red asterisk indicates the approximate 
position of one of the active sites. The active site is at the end of an internal groove (not visible in this view) that extends from the central channel.such as chloroplasts and mitochondria. The PNPase 
sequence consists of two RNase PH-like domains fol-
lowed by S1/KH RNA binding domains. The enzyme 
is a trimer forming a ring-like structure with a similar 
architecture as described for RNase PH (Symmons et 
al., 2000). However, PNPase consists of up-down pairs 
of RNase PH-like domains within the single polypep-
tide rather than homodimers and is capped on one side 
by the S1/KH-like domains (Figure 1E). Only one of 
the RNase PH-like domains of PNPase is catalytically 
active (RNase PH domain 2 in blue in Figure 1E).
The archaeal exosome has an overall subunit organi-
zation similar to PNPase, although the different domains 
are present in different polypeptides: the RNase PH-
like domains are found in the Rrp41 and Rrp42 proteins 
and the RNA binding domains are found in Rrp4 and 
Cls4. In an analogous manner, only one of the archaeal 
RNase PH-like proteins (Rrp41, in blue in Figure 1F) has 
a functional active site (Lorentzen et al., 2005). How-
ever, the catalytically inactive subunit Rrp42 is also 
essential for function both for the formation of the ring 
and for RNA recognition (Lorentzen and Conti, 2005). 
The S1/KH proteins are positioned on the RNase PH 
ring at three equivalent binding sites, similar to the 
PNPase structure (Buttner et al., 2005). No structural 
information is yet available for eukaryotic exosomes, 
which have diverged and increased in complexity with 
three different Rrp41-like, three Rrp42-like, and three 652 Cell 125, May 19, 2006 ©2006 Elsevier Inc.S1/KH-like subunits (Figure 1G). Despite the relatively 
low level of sequence similarity, it is expected that the 
overall structure of the eukaryotic exosome core is 
similar to that of the archaeal exosome. Although it was 
initially assumed that all six RNase PH-like proteins are 
active RNases, extrapolation of the archaeal exosome 
structural data suggests that several of the eukaryotic 
subunits have lost their enzymatic activity during evo-
lution. Exactly which of the subunits are indeed active 
in eukaryotic exosomes is still an open question. It is 
possible that, as is the case for the proteasome, the 
subunit diversification of the RNase PH-like domains 
and S1/KH-like domains in eukaryotic exosomes also 
results in different substrate preferences or binding of 
specific protein partners.
A Central Channel with Sequestered Active Sites
The ring-like architecture of the proteasome and the 
exosome features a hollow cavity with openings on 
both sides. In the proteolytic complex, the subunits are 
arranged such that the active sites of the β-like subu-
nits line the central chamber (marked with asterisks in 
Figure 1H). The multiple active sites (12 in HslV, 14 in 
the archaeal proteasome, and 6 in the eukaryotic pro-
teasome) appear to be redundant to a certain extent 
because fewer active sites give similar proteolytic 
products. The neighboring chambers formed by the α-
like subunits are not competent for degradation and are 
believed to restrict access to the central chamber via a 
central pore measuring 13 Å at its narrowest point. This 
constriction allows only polypeptides in an extended 
conformation to be threaded through to the catalytic 
centers. Such a molecular architecture provides the 
basis for substrate selectivity in which only unfolded 
polypeptides but not folded domains are degraded by 
the proteasome.
In the archaeal exosome, the active sites do not line 
the central cavity but are located at the end of an inter-
nal groove of 20 Å that extends from the central channel 
toward the outside of the ring (marked with an asterisk 
in Figure 1I). The groove is shielded on both sides and 
is spanned by four nucleotides of RNA bound in an 
extended conformation (Lorentzen and Conti, 2005). 
The only possible access route for the RNA to the 
active site groove is via the central channel. The cen-
tral channel has an opening 20–25 Å wide at the side 
that is closest to the active site groove, whereas on the 
opposite side there are openings that are 8–10 Å wide 
(Figure 1I). Surprisingly, all the evidence, including RNA 
protection experiments, electrostatic surface features, 
and the location of the S1/KH-like domains, points to 
the narrower pore that is farthest from the active site 
as the access route for RNAs (Lorentzen and Conti, 
2005; Buttner et al., 2005). This constriction would 
allow only oligoribonucleotides in a single-stranded 
conformation to be threaded through to the catalytic 
site. Indeed, an RNA stem loop structure with a long 
single-stranded overhang at the 3′ end is degraded to 
an overhang of 8–9 nucleotides, corresponding to the 
distance spanned between the narrow constriction and 
the catalytic center. As in the proteasome, the constric-
tion is large enough to allow only one chain through 
at a time, providing a rationale for the low evolutionary 
pressure to maintain all active sites upon gene duplica-
tion and divergence.
The central cavities of the exosome and the pro-
teasome could trap the substrate to prevent release 
between consecutive rounds of cleavage, providing 
a molecular explanation for the processivity of both 
complexes. For the phosphorolytic activity of the exo-
some, the exit route for the exoribonucleolytic product 
(single-nucleotide diphosphates) is rather short as the 
active sites are located near the outer surface of the 
ring. In contrast, the exit route of the product in the 
proteasome involves a longer path, likely through the 
α chamber.
Controlled Access to Degradation
The proteasome and exosome thread unfolded sub-
strates through a central pore to reach the functional 
sites of degradation. Both complexes associate with 
additional proteins that facilitate the targeting and 
unfolding of their substrates (unfoldases and helicases, 
respectively). Eukaryotes have a targeting mechanism 
by which ubiquitin-tagged proteins are specifically rec-
ognized and degraded by the 26S proteasome. The 26S proteasome complex is composed of the 20S core and 
the 19S complex, which contain subunits of the AAA 
family of ATPases. Reconstruction by electron micros-
copy reveals that the 19S activating complex binds at 
the outer rims of the 20S core, where the entry pore 
lies (Walz et al., 1998). In the case of another activator, 
the 11S complex, crystallographic studies show that it 
also caps the outer rims of the 20S core at the entrance 
of the channel (Whitby et al., 2000). The 11S activator 
binds as a ring-like structure to the α subunit ring. Upon 
binding, the entry pore of the 20S opens and forms a 
continuous channel from the activator to the inner pro-
teolytic chamber. Consistent with the closed confor-
mation of the entry pore observed in the absence of 
activators, the 20S proteasome purified from yeast dis-
plays very low in vitro activity even toward unstructured 
substrates (Baumeister et al., 1998). In contrast to the 
eukaryotic proteasome, the archaeal 20S proteasome 
shows a robust activity toward peptide substrates, and 
the structure reveals an open entry pore of 13 Å that is 
only partly occluded by disordered residues (Lowe et 
al., 1995).
Different levels of regulation also occur in the case of 
the exosome. The archaeal exosome has an entry pore 
that is 8–10 Å wide, and the complex readily degrades 
single-stranded RNAs. In contrast, the exosome purified 
from yeast has been reported to have relatively low activ-
ity (Mitchell et al., 1997). Two protein complexes have 
been identified as exosome activators. The Ski complex 
is a central component of the cytoplasmic 3′–5′ mRNA 
degradation pathway in yeast and is involved in several 
quality control pathways for decay of aberrant mRNAs 
(van Hoof et al., 2002; Frischmeyer et al., 2002). In the 
nucleus, the TRAMP complex promotes the degradation 
of structured RNA substrates (LaCava et al., 2005; Wyers 
et al., 2005; Vanacova et al., 2005). The TRAMP com-
plex displays RNA polyadenylation activity. The addition 
of a poly(A) tail to ribosomal RNAs and small nucleolar 
RNA precursors stimulates degradation presumably by 
a targeting mechanism that allows access to the central 
channel of the exosome. A similar stimulation of RNA 
decay by polyadenylation is also observed in prokaryo-
tes. Both the Ski and TRAMP complexes contain puta-
tive RNA helicases (Ski2 and Mtr4, respectively) that are 
likely to participate in the unfolding of structured parts of 
substrates. Whether the activation of the eukaryotic exo-
some is achieved only by targeting and unfolding of RNA 
substrates or whether it also involves conformational 
changes of the exosome entry pore is an open question 
that awaits structural data.
Substrate Selection versus Substrate Protection
Ring-like structures are not only characteristic of the 
exosome and the proteasome but also of assemblies 
that do not have degradative activity. Chaperonins 
such as eubacterial GroEL, archaeal thermosomes, and 
eukaryotic chaperonin CCT consist of two rings of 7–9 
subunits that, despite low sequence identities, share a Cell 125, May 19, 2006 ©2006 Elsevier Inc. 653
conserved fold (Braig et al., 1994; Ditzel et al., 1998). 
Similarly to the degradative complexes, a substantial 
diversification of chaperonin subunits has occurred in 
eukaryotes as compared to prokaryotes. Whereas GroEL 
from E. coli is composed of 14 identical subunits, the 
archaeal orthologs (thermosomes) consist of 2–3 differ-
ent subunits and the eukaryotic chaperonin CCT has 8 
different subunits per ring. This subunit diversification 
appears to be accompanied by a specialization in func-
tion. CCT, for example, only assists the folding of a spe-
cific subset of eukaryotic proteins, in contrast to GroEL 
that interacts with about 50% of the soluble proteins in 
E. coli. However, the mode of function of the chaper-
onin rings is substantially different from the proteasome 
and exosome. First, the central cavity of the chaperonin 
rings does not covalently modify the polypeptide sub-
strates but rather provides a favorable environment for 
folding. Furthermore, the entrance to the GroEL cavity 
is large (45 Å) reflecting the need for a large number of 
substrates to bind after synthesis. Whereas the ring-like 
structures of chaperonins allow easy access for trapping 
unfolded polypeptides before they aggregate and allow 
their refolding in a protected environment, the ring-like 
structures of exosomes and proteasomes exert a selec-
tion mechanism based on size exclusion, preventing 
indiscriminate cleavage.
The exosome and the proteasome appear to have 
convergently evolved as nano-compartments for degra-
dation of macromolecules. The downregulation of pro-
tein and RNA levels might be more interconnected than 
we are currently aware. In the case of archaea, a large 
superoperon has been identified that encodes both exo-
some and proteasome subunits, as well as ribosome 
and RNA polymerase subunits, suggesting coregula-
tion of synthesis and degradation of RNA and proteins 
(Koonin et al., 2001). Understanding the complex layers 
of regulation that lead to control of cellular protein and 
mRNA levels in eukaryotes is a formidable challenge for 
the future.
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